We diagnose the relative influences of local-scale biogeochemical cycling and regional-scale ocean 
'heavy' water masses in the western North Atlantic evidence the advective inflow of Ba-depleted 23
Upper Labrador Sea Water, which is not seen in the eastern basin or the South Atlantic. Meridional 24 variations in Atlantic Ba isotope systematics below 2,000 m appear entirely controlled by 25 conservative mixing. Using an inverse isotopic mixing model, we calculate the Ba isotope 26 composition of the Ba-poor northern end member as +0.45 ‰ and the Ba-rich southern end 27 member +0.26 ‰, relative to NIST SRM 3104a. The near-conservative behaviour of Ba in the deep 28 ocean indicates that Ba isotopes may serve as an independent tracer of the provenance of advected 29 water masses in the Atlantic Ocean. The clearly resolved Ba-isotope signatures of northern-and 30 southern-sourced waters may also prove useful in paleoceanographic studies, should appropriate 31 sedimentary archives be identified. Overall, our results offer new insights into the controls on Ba 32 cycling in seawater and thus the mechanisms that underpin the utility of Ba-based proxies in 33 paleoceanography. 34 35 36
Introduction 37 38
The oceanic biological pump effectively strips nutrients and carbon out of the surface into deep 39 waters (Riebesell et al., 2007) . Silicic acid (Si(OH)4) is a crucial nutrient for organisms such as 40 diatoms, which are responsible for exporting half of the organic matter that becomes sequestered in 41 marine sediments (Nelson et Cowen, 1997), geochemical (Griffith and Paytan, 2012) , and thermodynamic (Monnin et al., 1999 ) 73 evidence to suggest that the formation of discrete, micron-sized barite (BaSO4) crystals in the water 74 column is a biological or biologically-mediated process, and that BaSO4 is the major vector of 75 particulate Ba in the modern water column. However, these observations do not address the 76 mechanisms behind the similar depth profiles of [Ba] and Si(OH)4, which have been proposed to 77 relate to the similar remineralization depths of their respective carrier phases (BaSO4 and opal, 78
respectively; e.g. Broecker and Peng, 1982) , or perhaps due to the lateral advection and circulation 79 of conservative nutrients (Horner et al., 2015) , with a Ba/Si ratio set by surface processes in the high-80 latitudes where the water masses form (Sarmiento et al., 2004) . Although advected and organic 81 matter-derived nutrients are traditionally labelled 'preformed' and 'regenerated' respectively, here 82 we instead use the terms 'conservative' and 'non-conservative' to refer to these two components of 83 Ba distributions. This choice of terminology is intended to highlight that not only organic matter 84 remineralisation but also other processes, such as barite cycling, have potentially important effects 85 on 'regenerated' Ba, and because there is no 'Redfieldian' (i.e. fixed) stoichiometry between 86 dissolved Ba and organic matter that that enables back-calculation of preformed Ba from P or O2 87 (e.g. Collier and Edmond, 1984) . 88
Barium stable isotope analysis provides a new and powerful approach for investigating Ba 89 cycling in seawater (Cao et al., 2016; Horner et al., 2015) , as isotopic tracers are sensitive to ocean 90 mixing and biogeochemistry: the precipitation of barite-a non-conservative process-preferentially 91 incorporates the lighter isotopes of Ba (Böttcher et al., 2012; Miyazaki et al., 2014; Nan et al., 2015; 92 Von Allmen et al., 2010), rendering residual waters depleted in Ba and isotopically 'heavier' than 93 before precipitation occurred. In contrast, ocean mixing-a conservative process-does not 94 fractionate isotopic distributions; resultant concentration and isotopic patterns follow predictable 95 isotopic mixing schemes (Hoefs, 2015) . Hence, the information provided by seawater Ba isotopes, 96 when used in combination with [Ba] , can shed light on whether variations in [Ba] are driven by 97 conservative mixing of different water masses or by non-conservative barite cycling, including both 98 the formation and dissolution of particles via lateral and vertical transport. Only a few data exist for 99 the isotopic composition of barium in seawater (Cao et al., 2016; Horner et al., 2015) , and they show 100 that isotopic variations reflect a combination of ocean circulation and barite cycling, with the latter 101 Seawater collection and processing procedures for samples from the South Atlantic 136 (D357/GA10E; Oct-Nov 2010) are discussed in Horner et al. (2015) . Samples from the tropical North 137 Atlantic (JC094; Oct-Nov 2013) were collected using Niskin bottles attached to a CTD rosette system, 138 filtered cleanly through a 0.2 micron Acropak filter (Pall Life Sciences) and samples for Ba analysis 139 were acidified (0.1% v/v; pH ≈ 2.0) the same day using concentrated hydrochloric acid (HCl Romil 140 UpA). Samples were stored in a cool container (+4°C) for transport back to the UK. Sampling stations 141 are shown in Table 1 . 142
Temperature, conductivity, and fluorescence were measured using a Sea-Bird (SBE) 9plus 143 with a Chelsea Technology Group (CTG) Aquatracka MKIII fluorimeter, and data were post-processed 144 using SBE Data Processing (V7.20g) software. Salinity was calculated from conductivity, and 145 calibrated on board using bottle samples measured using a GuildLine Autosal salinometer, with 146
Autosal software (2009). Dissolved Oxygen was measured using an SBE 43 dissolved oxygen sensor 147 mounted on the CTD, and calibrated using bottle measurements, which were carried out on board 148
by the Winkler titration method using a Ω-Metrohm 848 Titrino plus unit, with potentiometric end 149 point detection (Carritt and Carpente, 1966; Robinson, 2014) . Blanks were monitored by passing aliquots containing ~ 1 ng of Ba double spike through the 216 procedures described above and treating as sample unknowns. The mean analytical blank (from 217 reagents and ion-exchange chemistry) was measured as 11 ± 8 pg (mean ± 1 SD; n = 4) and the 218 procedural blank (co-precipitation plus analytical blank) was determined as 726 ± 124 pg (mean ± 1 219 SD; n = 6). All seawater Ba concentration data were procedural-blank corrected but Ba isotope data 220
were not as the small proportion of blank-derived Ba in seawater samples was deemed unlikely to 221 alter Ba isotope compositions outside of long-term uncertainty (± 0.03 ‰; Horner et al., 2015) . 
Results 227

Temperature, salinity, oxygen and nutrient profiles 229
The potential temperature and salinity measurements show typical profiles for the South 230
Atlantic and tropical Atlantic sites, with marked latitudinal differences above 3000m water depth. 231
Near-surface and subsurface temperatures are over 15°C warmer in the tropics than the South 232 Atlantic, and significantly more saline (Fig. 2 A, B) . The oxygen profiles from the tropical Atlantic sites 233
show a pronounced minimum centred on approximately 500m water depth, absent from the South 234
Atlantic sites, and higher oxygen levels at depth than at 40°S (Fig. 2C) . 235
Nutrients showed expected concentration profiles ( the apparent oxygen utilization and is more pronounced in the tropics) and chlorophyll maxima 321 occur at different depths in the two locations (Fig. 5) , potentially contributing to differences in sub-322 surface Ba* and 
138
Ba profiles. Biological net community production at 40°S is markedly higher than 323 in the Equatorial Atlantic (Tilstone et al., 2015) , and variations in organic matter availability, and 324 hence barite formation, could explain the sub-surface latitudinal differences observed here. 325
However, mass balance considerations suggest that, whilst it is important for particulate barite 326 formation, Ba directly associated with organic matter is likely to be unimportant in terms of setting 327 the depth profile of Ba and Ba isotopes in the dissolved phase (Horner et al., 2015) . Thus, neither the 328 amount of nor depth of organic matter degradation (and so barite formation) can account for the 329 trend towards lighter Ba-isotopic signatures towards the surface in the tropics, a feature that is 330 absent from the South Atlantic profiles. 331
We suggest that the differences in the North and South Atlantic sub-surface water column 332 profiles of Ba* and  
Barium concentrations and isotopic variations in deep and intermediate waters 363
As with other elements with nutrient-like behaviour, an important issue in understanding 364 oceanic cycling surrounds the relative contribution of conservative versus non-conservative Ba -the 365 extent to which Ba distribution reflects simple mixing of different water masses rather than in situ 366 dissolution. Since Ba is not directly cycled in association with organic matter (Sternberg et roughly similar Ba-isotope compositions to Ba-replete water masses from equivalent depths in the 384 South Atlantic, despite possessing significantly less Ba. Regardless, this effect is small as the overall 385 north Atlantic trend is linear (Fig. 6a) , indicating that conservative mixing is the dominant control on 386 Ba systematics in both the deep north and south Atlantic. Importantly, our Ba isotope data 387 underscore the importance of conservative mixing as an important control on Atlantic Ba cycling 388 without the need to ratio to other biogeochemical tracers (e.g. [Si], T, S). As we show in the next 389 section however, we can use these additional tracers to independently constrain relative deep-water 390 mass mixing proportions, thus enabling us to estimate the Ba-isotope compositions of the end-391 member northern-and southern-sourced water masses that mix in the deep Atlantic. 392 393
Meridional overturning control of deep (>2,000 m) Ba isotope distributions 394
The linear relationships between Ba-isotope compositions and 1/[Ba] illustrates that 395 conservative mixing accounts for essentially all of the Ba-isotope variation in the deep Atlantic. 396
Below 2000 m, the Atlantic is dominated by the mixing of nutrient-poor (and O2-rich) northern-397 sourced waters (collectively termed NADW) with nutrient-rich southern-sourced bottom waters 398 from the Weddell Sea (termed here AABW). Our data can be used to place constraints on the likely 399 Ba isotope compositions of these two end-member water masses by independently calculating their 400 relative mixing proportions. Broecker et al., 1991 (Fig. 6b) , we observe a distinct curvature that is indicative of a two-component 407 hyperbolic isotopic mixing trend (e.g. Mariotti et al., 1988) . In order to quantify the end-members 408 responsible for generating the hyperbolic mixing trend, we make the simplifying assumption that 409 there is no influence from non-conservative biogeochemical processes below 2,000 m. Though this is 410 likely an oversimplification, the strong linear (mixing) relationships shown in Fig. 6a indicate that 411 mixing is certainly the dominant control on Ba isotope systematics in the deep Atlantic, despite 412 barite being below saturation at these depths. As such, we can approximate the Ba isotope 413 composition of a deep water mass purely in terms of mixing between northern-and southern-414 ULSW compared to the equivalent water depths in the eastern tropical Atlantic (Fig. 3a) . Similarly, 455 the E-W difference in [Ba] is only ≈ 3 nM, and depth profiles of Ba* from the east and western 456 north Atlantic show similar gradients, suggesting that extensive barite formation is unlikely to be 457 responsible for removing significant quantities of Ba from the Labrador Sea. Moreover, non-458 conservative processes are largely precluded by the linear mixing relationships (Fig. 6a) , suggesting 459 that the isotopically heavy Ba at the depths corresponding to ULSW are a conservative mixing 460 feature. Thus, a simple explanation for this Ba isotope feature is that the influence from the 461 advective inflow of ULSW is far greater in the western basin (CTD005, 006) compared to the eastern 462 basin (CTD002), and that-since ULSW is recently ventilated-this imparts an isotopically-heavy Ba 463 signal at the depths where the influence from ULSW is greatest. 464
These subtle features in the depth profile that are largely undetectable from examination of 465 in Ba concentrations compared to  138 Ba (Fig. 3) . This apparent decoupling may be as a result of a 500 low fractionation of Ba during barite formation, resulting in relatively subtle variations in 
138
Ba and 501 a larger dissolved pool relative to particulate phases (Dehairs et al., 1991) . Despite the overprint of 502 barite remineralisation, Ba and 
Ba variations can be traced along the meridional ocean 503 circulation resulting in a conceptual model (Fig. 7) 
